The release of potassium and sodium from excised roots of Zea mnays having similar contents of potassium and sodium was studied. At low temperature (2 C) the efflux rates of both cations were very similar, but at higher temperature (20 C) the potassium release was reduced considerably, whereas the sodium release was hardly affected. Also, under anaerobic conditions the potassium efflux rate was nearly as high as the sodium efflux rate, but with normal 02 supply the potassium release was reduced to about one-fifth. Since a changing efflux medium compared with a constant efflux medium had no great influence upon the sodium release but influenced the potassium release very much, it is assumed that the low potassium release under normal metabolic conditions is due to a reabsorption of effluxed potassium from free space. For sodium this reabsorption is of minor significance, as the uptake potential of maize roots for sodium is very poor. It is concluded that the release of potassium and sodium is a diffusion process and that the cell membranes have rather similar diffusivities for these two cations.
The release of ions by higher plants to the external medium has been described in numerous papers. For the most part, the authors have examined the efflux of individual ions, such as K+ and Na+ (12, (14) (15) (16) . The efflux is regarded as a passive process, not directly influenced by metabolism, and it is presumed that diffusion or exchange diffusion is responsible for the release of ions. Another group of researchers, on the basis of results obtained in investigations on electrochemical potential differences, postulate an active release process (4, 5, 7, 18, 19) . This applies particularly to the Na+ efflux (Na+ pump) because the distribution of K+ often corresponds to the electrochemical equilibrium. The existence of such a Na+ pump in cells of different animal tissues could be established in various experiments (9, 20) . It is supposed that also lower plants living in sea water possess such a Na+ pump (1, 2, 8) . For higher plants, its existence has been postulated by several authors (4, 5, 7) , but it is still unproved. If the release of Na+ is mainly due to a Na+ pump and the release of K+ to an outward diffusion, there should exist different efflux patterns for Na+ and K+. In order to test this question, the K+ and Na+ release by young roots of Zea mays L. was studied under various efflux conditions.
MATERIAL AND METHODS
The experiments were carried out with secondary roots of Zea mays L. (cv. KC 3), 12 to 15 cm in length, grown in solution culture (3 mm KNO3, 3 mm MgSO4, 1 mm NH4NO,, 0.5 mM Ca(H2PO4)2, 0.5 mm CaC12, 14 pM MnSO4, 1.4 pM CuSO4, 1.4 [M ZnSO4, 10 pm H,B03, 0.3 tM (NH4,)Mo7024, 10 yM Fe3+ as chelate).
In all cases, several (up to 5) generations of secondary roots could be obtained from each plant series grown. In order to get roots with similar contents of K+ and Na+, for each experimental set 60 excised roots having a dry weight of about 0.9 g were incubated for 20 hr in 500 ml 30 mm NaCl. The roots were then rinsed three times with H20, and two times with 0.5 mM CaSO,, each rinse lasting 5 min, and then washed again with H,O. By this procedure most of the Na+ in the free space of the roots is removed. For the efflux investigations 10 roots having a total dry weight of about 0.15 g were selected for each sample. In order to prevent ions exuded from the cut basal end of the roots moving into the external medium, the excised roots, having a length of about 14 cm, were placed into test tubes in such a way that the basal end of the roots (about 1.5 cm) did not dip into the external medium (efflux medium). This basal end was wrapped in thin strips ot plastic foam, in order to fasten the roots to the test tubes (14) . The efflux medium for each sample was 25 ml of 0.5 mm CaSO4. The Ca2+ in the outer solution prevents abnormally high ion releases, caused by a lack of Ca2+ at the cell boundaries (3, 10. 16, 21) . The efflux solution for the different experimental series was replaced 6 to 12 times. The effluxed amounts of K+ and Na+ were determined by atomic absorption spectrophotometry. Chloride determinations were carried out potentiometrically with the Aminco-Cotlove Titrator. Labeled K+ ('K) was analyzed by a well scintillation counter (Friesecke u. Hopfner, Model FHT 20 
D).
In one experimental series, the efflux medium (25 ml of 0.5 mM CaSO,) was replaced 20 times at intervals of 10 min. This procedure was compared with a efflux medium of 500 ml of 0.5 mM CaSO4 that was not replaced during the whole efflux period of 200 min. All data given in the figures and tables are mean values of three to four samples for each treatment.
RESULTS
Roots having similar contents of K+ and Na+ released Na+ at a higher rate than K+ at room temperature (Fig. 1) . The release rate for K+ was rather constant during the various replacements of the efflux medium, whereas the Na+ release rate declined. But still at the sixth replacement, the efflux rate of Na+ was about five times higher than the K+ efflux rate. The roots released into the sixth efflux medium about 0.1 % of their total K' and about 0.7% of their total Na+. At low temperature (2 C) the release rates for K+ and Na+ were very similar (Fig. 2) . In comparison with the efflux rates at 20 C, the efflux rates for Na+ were nearly the same, particularly when comparing the rates of the fourth to sixth replacements. The efflux rates of K+, however, were increased by a factor of 7 at low temperature. This result suggests that in some way, metabolism affects the K+ release. In order to confirm this metabolic effect, the release was studied under aerobic and anaerobic conditions. The efflux medium was treated with N2 or air, by bubbling through nitrogen gas or air for 30 min before the efflux procedure was started. Under anaerobic conditions the release rate of K+ was about six times higher than under aerobic conditions (Fig. 3) , whereas the release rates for Na+ were not significantly influenced by aeration. At the seventh replacement, the metabolic conditions were reversed, so that roots that effluxed before into an aerobic medium were now exposed to an anaerobic medium and vice versa. The roots promptly reacted to this change of metabolic conditions with regard to their K+ release, but Na+ release was not affected. Under anaerobic conditions, the K+ efflux rates were not as high as the rates for Na+ efflux. In agreement with Marschner et al. (11) , it can be assumed that in the roots of the anaerobic treatment some oxygen was still present, favoring oxidative processes. The efflux rates in this experiment ( may have been due to the lower contents of K4 and Na+ in these roots. Nevertheless, the trends observed in the first experiment are also evident in the data of Figure 3 . Table I shows the quantities of K+ and Na+ released under the different efflux conditions. In one series (no replacement) the efflux medium of 500 ml was not replaced during the whole efflux period of 200 min; in the other series the efflux medium (25 ml solution) was replaced 20 times. The K+ release into the "changing medium" was about three times higher than into the medium with no replacement, whereas the difference between the Na+ quantities released under the two conditions was not dramatic, particularly when the Na+ release is calculated as percentage of the Na+ content of the root.
The release of Cl-was of the same order of magnitude as the release of K+ or Na4 (Table II) . The release rates of Clwere rather constant over the whole efflux period consisting of eight replacements of the efflux medium. This demonstrates that the free space of the roots was rather free of chloride at the beginning of the efflux period. Otherwise, the chloride quantities being released into the efflux medium should decrease during successive replacements. During the first replacements of the efflux medium, the quantities of chloride released did not equal the sum of the K+ and Na+ released. But beginning with the fifth replacement, the released chloride was equivalent to the K4 + Nae released. Since the roots had been exposed to a rather high chloride concentration (30 mm NaCl) before the efflux studies were carried out, the rather high quantities of chloride released could be expected.
Beginning with the fifth replacement in this experiment (Table II) , the efflux rates for K+ and Na+ did not differ very much. But taking into consideration that the roots of this series had a considerably higher K+ than Na+ content, the relative release of Na+ in this experiment was also higher than that of K+, in good agreement with the results presented above.
The roots used in the experiment reported in Figure 4 were exposed to a labeled (4K) 1 mm KCl solution for 14 hr. Then they were rinsed and washed with water and 0.5 mM CaSO, according to the procedure described in "Materials and Methods." Besides 0.5 mm CaSO4, the efflux medium contained KCl in the following concentrations: 0, 20, and 200 /eM. In one series the efflux was studied at 20 C, in the other at were rather similar at low temperature. The high rates for Na+ release during the first efflux periods (first to fourth replacement) probably were due to an additional Na+ release from the free space of the roots, being a simple exchange reaction between the Ca2+ of the outer solution and the adsorbed Na+ of the cell wall surfaces. This supposition is supported by the release of chloride, which was not equivalent to the release of K+ + Na+ during the first replacements (see Table II ). But beginning with the fifth replacement it can be assumed that the released Na+ came nearly entirely from the inner cell compartments (cytoplasm, vacuole). Under normal metabolic conditions, there was always a higher net release of Na+ compared to K+, although the K+ contents of the roots were similar or even higher than the Na+ contents. But when metabolism was inhibited by low temperature (Fig. 2) Figure 4 agree well with the above explanation. At 2 C there is no reabsorption, and the external K+ had no influence on the K+ release rate, whereas at 20 C the net release of labeled K+ was higher, the higher the K+ concentration of the outer solution. This result can be ascribed to a competition for carrier sites between the labeled effluxed K+ and the unlabeled K+ of the outer solution. The higher the concentration of the unlabeled K+ in the free space, the more is the reabsorption of the effluxed labeled K+ inhibited by competition.
It can be assumed, therefore, that a passive K+ exchange between the cell K+ and the external K+ did not take place. At 20 C such a K+ exchange cannot be ruled out, as the unlabeled K+ can have been taken up actively, thus exchanging the labeled K+ in the plant cells (19) . By this means, the increased release of labeled K+ can also be explained by the increasing unlabeled K+ concentration of the outer solution. If this exchange process mainly was responsible for the K+ release, a higher K+ release at 20 C in comparison with the K+ release at 2 C should be expected. But as can be seen from Figure 4 , this is not the case. We, therefore, conclude that the results presented by Figure 4 should also be explained by a reabsorption of effluxed K+.
The main conclusions that can be drawn from this investigation are that the efflux rates for K+ and Na+ are rather similar.
But the net efflux of K+ can be affected considerably by reabsorption, Efflux is a process which is not selective for either of the two cations, and it may be assumed that this efflux process is a diffussion through the cell membrane. It is unlikely that the Na+ efflux is mediated by an outward Na5 pump, because the Na+ release is not influenced by different metabolic conditions. Differences in the net release of K+, effected by metabolism, do not prove an active process for the K+ release, because with maize roots the K+ release is higher when metabolism is inhibited.
